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Abstract 

Pancreatic adenocarcinoma and hepatocellular carcinoma are devastating human malignancies that 
are characterized by poor prognosis, late onset, and a lack of known biomarkers. New diagnostic and 
therapeutic molecular targets are desperately needed to develop novel and effective treatment strategies. 
MicroRNAs (miRNAs) are an emerging class of molecules with roles in various cellular processes, 
including growth, survival, and apoptosis. Most importantly, aberrant expression of miRNAs has been 
implicated in cancer pathogenesis. miRNA expression profiles of pancreatic adenocarcinoma and 
hepatocellular carcinoma indicate selective overexpression of oncogenic miRNAs and down-regulation of 
tumor suppressive miRNAs in these cancers. This review summarizes results from key studies conducted 
to characterize the miRNA expression profiles of pancreatic adenocarcinoma and hepatocellular carcinoma 
and describes the potential mechanisms by which some oncogenic or tumor suppressive miRNAs act. 
Furthermore, this review outlines novel therapeutic strategies for targeting miRNAs. 
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MicroRNAs (miRNAs) are an abundant class of 
endogenous 20 to 22 nucleotide (nt) non-coding RNA 
molecules that post-transcriptionally modulate target 
gene expression'^'. Although miRNAs constitute only 1% 
to 3% of the human genome, they are estimated to 
control approximately 30% of all coding genes in the 
human genome'^"''. At present, over 1000 miRNAs have 
been identified in humans according to miRBase''"'. It is 
well documented that miRNAs generally possess 
multiple downstream target mRNAs, with some individual 
miRNAs controlling over 100 mRNAs"^. Therefore, miRNAs 
exhibit widespread regulatory activity in virtually all 
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important cellular processes, including development, 
survival, proliferation, and apoptosis, and have thus been 
implicated in diverse diseases such as cancer, immune 
disorders, and viral infections'^'. 

miRNA biogenesis involves a multistep process that 
is initiated by the nuclear processing of a long primary 
transcript (pri-miRNA) into 70 to 100 nt hairpin precursor 
miRNAs (pre-miRNAs) by the ribonuclease Drosha/ 
DGCRS'^i. The pre-miRNA is then translocated to the 
cytoplasm by exportin-5 in a RanGTP-dependent 
fashion, where it is further cleaved by the ribonuclease 
Dicer into a mature miRNA duplex. Subsequent 
incorporation of the mature miRNA duplex into the 
RNA-induced silencing complex (RISC) leads to the 
degradation of the duplex into a single-stranded, mature 
miRNA. Within the RISC, the mature miRNA can bind to 
its target mRNAs by complementary base pairing at its 3' 
untranslated region. The degree of complementarity 
between the miRNA and the target mRNA determines 
whether the miRNA will inhibit translation or, less 
frequently, induce degradation of the target mRNA 
(Figure 1 )[«■'". 

Emerging evidence suggests a key role for miRNAs 
in promoting carcinogenesis. Genome-wide studies have 
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Figure 1. The biogenesis of microRNAs (miRNAs). The miRIMA gene is initially transcribed into a primary mlRNA (pri-miRIMA) by RI\IA 
polymerase II in the nucleus. The pri-miRNA is then processed by the RNase III Drosha into the 70 to 100 nt hairpin precursor mlRNA (pre- 
mlRNA). Exportin-5 translocates the pre-miRNA into the cytoplasm, where it is again cleaved by the ribonuclease Dicer into a mature mlRNA 
duplex. The duplex binds to the RIMA-induced silencing complex (RISC), and the complementary miRIMA strand is released and degraded. In the 
RISC, the mature single-stranded mlRNA binds to its target mRNA and either induces its degradation or inhibits its translation, depending on the 
level of binding complementarity. 



sfiown tfiat more tfian 50% of fiuman miRNA genes 
locate at fragile genomic sites associated with cancer. In 
addition, abnormal miRNA expression levels have 
recently been reported in many human cancers, 
including pancreatic cancer, prostate cancer, thyroid 
cancer, melanoma, ovarian cancer, colon cancer, and 
breast cancer'^'^^'^. 

miRNAs that affect cancer development can act 
either as oncogenes or tumor suppressors. Oncogenic 
miRNAs are generally overexpressed in tumors, whereas 
tumor suppressor miRNAs are generally down-regulated'^**'. 
The first identified miRNAs with tumor suppressor activity 
are miR-15 and miR-16, which are found to be deleted 
and/or down-regulated in approximately 70% of chronic 
lymphocytic leukemia cases '^^^"l Other miRNAs with 
known tumor suppressor functions are miR-29 and 
lethal-7 (let-7) in lung cancer, miR-10b, miR-125b, and 



miR-145 in breast cancer, and miR-34 in ovarian and 
colon cancers n^i-^fl. Conversely, miRNAs with 
tumor-promoting activities include miR-21 in breast 
cancer and glioblastoma, miR-155 in many types of 
cancers, and miR-373 and miR-520c as metastasis- 
promoting miRNAs in breast canceri^^^''^''^"'^. 

Pancreatic ductal adenocarcinoma (PDAC), the 
most common type of pancreatic cancer, is one of the 
most formidable human malignancies, with the annual 
mortality nearly equaling the annual incidence. As the 
fourth leading cause of cancer death in the USA, PDAC 
is characterized by extremely poor prognosis, late onset, 
a lack of effective diagnostic markers, and high 
invasiveness and metastatic potential. Less than 20% of 
PDAC patients present with resectable and potentially 
curable disease, and the 5-year survival rate is the 
lowest among all cancers at <5%'^'^^'. 
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Similarly, liepatocellular carcinoma (HCC), tfie most 
prevalent form of liver cancer, is one of thie most 
common and iethial tumors, accounting for -600 000 
deathis per year worldwide p^'^^'. Approximately half of 
these deaths are estimated to occur in China As in 
PDAC, the lethality of HCC stems from a lack of reliable 
diagnostic biomarkers, enhanced chemoresistance 
mechanisms, and underlying liver diseases including 
cirrhosis and hepatitis Although resection and 
transplantation are the best therapeutic options, only 5% 
to 15% of patients are eligible for surgical intervention'^^'. 

Clearly, there is a pressing need to elucidate the 
mechanisms underlying PDAC and HCC pathogenesis 
and to develop novel and effective diagnostic and 
therapeutic techniques to improve clinical outcomes in 
patients with PDAC or HCC. Understanding the roles 
played by miRNAs in these cancers may lead to 
enhanced therapeutic strategies and improved patient 
outcomes. 

The present review summarizes the current 
advances in mlRNA research, with a specific focus on 
the roles of miRNAs in PDAC and HCC. Potential 
therapeutic implications of miRNAs in these cancers will 
also be discussed. Such information will be highly 
relevant to researchers and clinicians who wish to 
acquire an up-to-date understanding of this emerging 
field and elucidate or identify possible targets for 
investigation involving miRNAs as important underlying 
mediators of human cancers. 

Roles of miRNAs in Pancreatic Adeno- 
carcinoma 

Current miRNA profiling studies in PDAC 

Recent evidence has shown that aberrant miRNA 
expression contributes to carcinogenesis in the 
pancreas, and that pancreatic cancer tissues exhibit 
unique miRNA expression profiles compared to normal 
pancreatic and chronic pancreatitis cells and tissues 
Among the most commonly dysregulated miRNAs in 
PDAC are miR-21, miR-155, miR-221, miR-216, and 
miR-217. In recent years, several high-throughput 
miRNA profiling studies have characterized a variety of 
miRNA expression patterns in PDAC using different 
techniques such as miRNA microarray and quantitative 
RT-PCR, and these studies have identified numerous 
specific miRNAs as being significantly up- or down- 
regulated in PDAC (Table 1). 

Lee ef al. used real-time PCR to define the 
miRNA signature of PDAC by comparing human PDAC 
specimens, paired benign tumor tissues, normal 
pancreas, chronic pancreatitis, and 9 PDAC cell lines. 



One hundred pre-miRNAs were found to be differentially 
expressed in PDAC, with the majority being 
overexpressed. The top twenty aberrantly expressed 
miRNAs, miR-221, miR-424, mlR-301, miR-100, 
miR-376a. miR-125b-1, miR-21, miR-16-1, miR-181a,c, 
miR-92-1, miR-15b, miR-155, let-7f-1, miR-212, 
miR-107, miR-24-1,2, let-7d, miR-345, miR-142-P, and 
miR-139, were proposed to characterize PDAC'^^'. Zhang 
ef al. performed a similar study evaluating the 
expression levels of 95 miRNAs in PDAC cell lines and 
tissue specimens by real-time RT-PCR. Eight miRNAs, 
miR-196a, miR-190, miR-186, miR-221, miR-222, 
miR-200b, miR-15b, and miR-95, were found to be 
significantly up-regulated in most of the PDAC tissues 
and cells lines, with the magnitudes of increase ranging 
from 3- to 2018-fold. 

In a global miRNA analysis of 21 human pancreatic 
adenocarcinoma cell lines, the most extensive PDAC cell 
analysis to date, Kent ef a/. '^"^ found 39 miRNAs to be 
differentially expressed by at least a factor of two or 
more compared to control pancreatic ductal cell lines. 
Bloomston et a/.™ similarly assessed miRNA expression 
levels in 65 human PDAC tissue samples and 42 benign 
adjacent pancreatic tissue and chronic pancreatitis 
specimens by miRNA microarray. In comparison to 
benign pancreatic tissue, 21 miRNAs were found to be 
significantly up-regulated and 4 down-regulated in PDAC 
tissues. Similarly, 15 miRNAs were found to be 
overexpressed and 8 down-regulated in PDAC tissues in 
comparison to chronic pancreatitis. In another study 
comparing miRNA expression levels in normal pancreas, 
chronic pancreatitis, PDAC tissues, PDAC-derived cell 
lines, as well as a reference set of 33 human tissues, 
Szafranksa ef al.'^^^ found 26 miRNAs to be prominently 
down-regulated in PDAC. Additionally, they identified 2 
miRNAs, miR-216 and miR-217, as highly expressed in 
normal pancreas but only minimally expressed in PDAC 
tissues and cell lines. miR-196a and miR-196b were 
found to be absent in normal and chronic pancreatitis 
tissues but significantly up-regulated in PDAC tissues. 

Oncogenic miRNAs in PDAC 

miRNAs can act either as oncogenes or tumor 
suppressors, depending on their target mRNAs. Several 
oncogenic miRNAs that are significantly up-regulated in 
PDAC tumors and cell lines (Table 2) have been 
identified in the previously mentioned profiling studies, in 
addition to other functional characterization studies. 
Among the most commonly identified oncogenic miRNAs 
in PDAC is miR-155, which has been associated with 
decreased survival in PDAC patients i^^^"^'. Gironella ef 
a/.'''^' identified tumor protein 53-induced nuclear protein 1 
(TP53INP1), a proapoptotic stress-induced p53 target 
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Table 1 . MicroRNA profiling studies in pancreatic adenocarcinoma 



Reference 



Study specifications 



Up-regulated miRNAs 



Down-regulated miRNAs 



Lee 20071"! 



Zhang 2009'="'' 



Kent 20091'" 



Bloomston 

20071'=! 



Szafranska 

2007[»i 



RT-PCR assay testing for 222 miRNAs in 
28 PDAC tissues and 15 adjacent benign 
tissues, 4 CP tissues, 6 normal pancreas 
tissues, and 9 PDAC cell lines 
RT-PCR assay testing for 95 miRNAs in 5 
PDAC tissues and adjacent benign tissues, 
3 PDAC cell lines, 1 CP tissue 
Microarray testing for 321 miRNAs in 21 
PDAC cell lines and 2 non-transformed 
human pancreatic ductal epithelial cell lines 



Microarray testing for 326 human miRNAs 
in 65 PDAC tissues and adjacent benign 
tissues, 42 CP tissues and adjacent benign 
tissues 



Microarray testing for 377 miRNAs in 33 
PDAC tissues and adjacent benign tissues 



miR-221, miR-424, miR-301, miR-100, 
miR-376a, miR-125b-1, miR-21, miR-16-1, 
miR-181a,c, miR-92-1, miR15b, miR-155, 
let-7f-1, miR-212, miR-107, miR-24-1,2, let-Zd 
miR-196a, miR-190, miR-186, miR-221, 
miR-222, miR-200b, miR-15b, miR-95 

miR-200a, miR-29b, miR-182, miR-141, 
miR-222, miR-191, miR-15a, miR-361, miR-17- 
3p, miR-200b, miR-26b, miR-155, miR-16, 
miR-96, miR-30a-5p, miR-7, miR-429, miR- 
30c, miR-30b, miR-345, miR-31, miR-193b, 
miR-30d, miR-26a, miR-134, miR-151 
miR-221, miR-181a, miR-155, miR-210, miR- 
213, miR-181b, miR-222 miR-181b-2, miR-21, 
miR-181b-1, miR-181c, miR-220, miR-181d, 
miR-223, miR-100-1/2, miR-125a, miR-143, 
miR-lOa, miR-146, miR-99, miR-100, miR- 
199a-1,miR-10b, miR-199a-2, miR-lOb, miR- 
199a-2, miR-107, miR-103-2, miR-125b-1, 
miR-205, miR-23b, miR-23a 
miR-205, miR-143, miR-145, miR-146a, miR- 
196b, miR-93, miR-31, miR-210, miR-196a, 
miR-18a, miR-203, miR-150, miR-155, miR- 
221, miR-222, miR-223, miR-224 



miR-345, miR-142P, miR- 
139 



None found 



iet-7c, iet-7b, miR-99b, 
miR-204, miR-125a, miR- 
143, iet-7e, miR-34a, miR- 
145, miR-199a, miR424, 
miR-199a* 

miR-148a, miR-148b, miR- 
375 



miR-29c, miR-216, miR- 
217, miR-375, miR-148a, 
miR-96, miR-148b, miR- 
141, miR-130b 



Results of studies attempting to determine the miRNA expression signature of pancreatic adenocarcinoma. PDAC, pancreatic 
ductal adenocarcinoma; CP, chronic pancreatitis. 



Table 2. Dysregulated microRNAs, their functions, and possible molecular targets in pancreatic adenocarcinoma 



MicroRNA{s) 


Role 


Molecular target(s) 


Biological function(s) 


Reference(s) 


miR-15a 


Tumor suppressor 


WNT3A, FGF7 


Increase proliferation and growth; inhibit 
apoptosis 


Zhang 201 Oi'^'' 


miR-27a 


Oncogene 


Spry2 


Increase growth, migration, and colony 
formation in vitro 


Ma 2010'"'' 


miR-34a 


Tumor suppressor 


p53 


Inhibit growth and proliferation 


Kent 20091"! 


miR-96 


Tumor suppressor 


K-Ras/Akt 


Decrease invasion, migration, 
and growth 


Yu 2010t''^i 


miR-132 


Oncogene 


PRB/E2F 


Increase proliferation 


Park 20111'"" 


miR-155 


Oncogene 


TP53INP1 


Decrease apoptosis 


Gironella 20071"' 


miR-194, miR-200b, 
miR-220c, miR-429 


Oncogene 


EP300 


Increase growth and metastasis 


Mees 2010t«i 


miR-212 


Oncogene 


PRB/E2F 


Increase proliferation 


Park 201 iw 


miR-214 


Oncogene 


ING4 


Reduce sensitivity to GEM-induced 
apoptosis; increase growth and 
angiogenesis 


Zhang 2010"^^' 


miR-301a 


Oncogene 


NK-KB-repressing factor 


Increase growth 


Lu 20111™' 


miR-375 


Tumor suppressor 


PDKI/Akt, 14-3-3zeta 


Decrease growth; increase apoptosis 


Tsukamoto 2010t'''i 


miR-421, miR-483-3p 


Oncogene 


DCP4/Smad4 


Increase proliferation and colony 
formation in vitro 


Hao 2010t'"i, 
Hao 20111*1 
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gene, as a key target of miR-155. This suggests that 
miR-155 promotes pancreatic carcinogenesis by 
down-regulating a l<ey tumor suppressor, TP53INP1. 

The E1A-binding protein p300 {EP300) gene 
encodes for a histone acetyltransferase that modulates 
transcription via chromatin remodeling, and it has been 
implicated in the regulation of cell cycle arrest, growth 
and differentiation signaling, and tumorigenesis A 
recent study showed that certain miRNAs targeting 
EP300, such as miR-194, miR-200b, miR-220c, and 
miR-429, were up-regulated in highly metastatic PDAC 
cell lines as compared to low or nonmetastatic PDAC 
cell lines, and that EP300 mRNA expression was 
correspondingly decreased in highly metastatic cell lines'''^'. 
Since EP300 is a widely recognized tumor and 
metastasis suppressor, these results suggest that these 
miRNAs may stimulate oncogenesis by reducing the 
expression of EP300. 

DPC4/Smaci4 encodes a key messenger in the 
TGF-p signaling pathway, which is a significant inhibitor 
of cell growth. In a recent study, miR-421 was found to 
be up-regulated in human PDAC tissues, whereas 
DPC4/Smad4 was down-regulated. Ectopic expression of 
miR-421 decreased levels of DPC4/Smad4 protein, and 
promoted proliferation and colony formation in vitro, 
suggesting that miR-421 promotes oncogenesis by 
acting on DPC4/Smad4^\ A similar study showed that 
up-regulated miR-483-3p also targets DPC4/Smad4 in 
PDAC tissues!"'!. 

Retinoblastoma protein (pRB) is a widely recognized 
tumor suppressor. Its anti-tumor activity is partly 
attributable to its binding to and inactivation of E2F 
proteins. miR-132 and miR-212 are up-regulated in 
PDAC tissues, and overexpression of these miRNAs 
reduced pRB expression, increased expression of 
several E2F target genes, and increased cell proliferation'*'. 
These results indicate that these miRNAs promote 
oncogenesis by reducing pRB, thus increasing 
expression of E2F gene products. 

Ma et a/.'''^' recently reported that inhibition of 
miR-27a in PDAC cells reduced growth, colony 
formation, migration, and also down-regulated Spry2, a 
negative feedback regulator of multiple receptor tyrosine 
kinases that are active in several cancer types. These 
data suggest that miR-27a may have an oncogenic 
effect via down-regulating Spry2. miR-301a was recently 
shown to down-regulate NF-KB-repressing factor (NKRF) 
in PDAC, subsequently increasing NF-kB activation. 
NF-kB then activates the transcription of miR-301a, 
initiating an oncogenic positive feedback loop. Inhibition 
of miR-301a or overexpression of NKRF reversed this 
process and slowed tumor growth, suggesting that 
miR-301a contributes to oncogenesis by activating NF- 



kB™. Zhang ef a/.'^^' found that inducing overexpression 
of miR-214 in BxPC-3 pancreatic cancer cells significantly 
reduced sensitivity to gemcitabine, the current first-line 
treatment for advanced PDAC. Furthermore, miR-214 
was found to potentially inhibit the activity of the tumor 
suppressor, inhibitor of growth protein 4 (ING4). These 
data suggest that miR-214 may play a role in the drug 
resistance and tumorigenesis of PDAC. 

Tumor suppressor miRNAs in PDAC 

Some miRNAs have also been found to suppress 
tumorigenesis in PDAC (Table 2). Kent ef a/. '^'^i found 
that miR-34a, which is associated with the p53 pathway, 
may act as a tumor suppressor. Increasing expression of 
miR-34a, whose expression is commonly decreased in 
PDAC, inhibited the growth of Panc-1 and MIA PaCa-2 
cell lines, suggesting an anti-proliferative effect for 
miR-34a via the activation of p53. Meanwhile, miR-96, 
an mlRNA down-regulated in PDAC'^**', has been shown 
to directly target the K-Ras oncogene. Ectopic 
expression of miR-96 increased cell apoptosis and 
reduced migration, proliferation, and invasion of PDAC 
cell lines. These effects were attributable to the inhibition 
of the K-Ras/Akt pathway, and indicate that miR-96 
functions as a tumor suppressor via regulating K-Ras^^^'. 

Another well-documented tumor suppressor in 
PDAC is miR-375 ^^-^^\ which may exert its proapoptotic 
effect by targeting the caspase-mediated apoptotic 
pathway. Overexpression of miR-375 has been shown to 
inhibit PDK1 expression, thereby down-regulating the 
PDK1/Akt survival pathway. Moreover, it is possible that 
miR-375 also acts by down-regulating the anti-apoptotic 
gene 14-3-3zetsF\ 

Wingless-type MMTV integration site family, 
member 3A (WNT3A) is part of the Wnt/p-catenin 
pathway, and stimulates survival and proliferation 
pathways via phosphorylation of ERK and Akt. Similarly, 
fibroblast growth factor-7 (FGF-7) is involved in a variety 
of biological processes relating to survival. Zhang ef a/.'^^' 
showed that miR-15a, which is down-regulated in PDAC 
tissues, directly targets WNT3A and FGF-7. These data 
indicate that miR-15a may serve as a tumor suppressor 
by modulating expression of the survival pathways 
related to WNT3A and FGF-7. 

Roles of miRNA in Hepatocellular 
Carcinoma 

Current miRNA profiling studies in HCC 

As with PDAC, many miRNA profiling studies have 
been recently conducted to identify a characteristic 
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miRNA signature for H CC (Table 3). HCC is a very 
fieterogeneous disease with many subtypes, including 
diseases with viral, non-viral, or cirrhotic etiologies, 
cancer stem cell-like or mature hepatocyte-like features, 
malignant versus benign phenotypes, and metastatic 
versus non-metastatic phenotypes. These subtypes add 
significant complexity to miRNA profiling studies 
targeting HCCi^i. 

Murakami ef a/.'^' performed the first comprehensive 
miRNA profiling study in 24 HCC tissues and 22 
adjacent non-HCC tissues and found 3 miRNAs, miR-18, 
pre-miR-18, and miR-224, to be up-regulated in the HCC 
samples and 5 miRNAs, miR-199a*, miR-199a, 
miR-195, miR-200a, and miR-125a, to be 
down-regulated. In a larger study of HCC and adjacent 
non-HCC specimens from 241 HCC patients, Budhu ef 
al. outlined a 20-miRNA profile of metastatic HCC 
capable of distinguishing primary HCC tissues and 
non-metastiatic solitary tumors. Four of these, miR-338, 
miR-219-1, miR-207, and miR-185, were up-regulated, 
whereas 16 were down-regulated, with the most 
down-regulated being miR-34a, miR-148a, and 
miR-124a-2. 

Three similar studies in HCC and adjacent non-HCC 
specimens found varying results. Wang ef al.^^ found 19 
up-regulated and 3 down-regulated miRNAs in HCC. 
Consistent with the study by Murakami ef al., miR-199a, 
miR-200a, miR-125a, and miR-224 were all found to be 
dysregulated in HCC. Huang ef a/. found 15 



up-regulated and 1 down-regulated miRNAs with little 
similarity to past studies, and found 11 up-regulated and 
23 down-regulated miRNAs in another study™. Recently, 
a profiling study involving tissue samples and cell lines 
revealed a set of 12 miRNAs that characterize HCC™. 
Among these were mlR-21, mlR-221/222, miR-34a, and 
/ef-7c, which have been identified in other similar studies 
as being highly dysregulated in HCC. 

Viral-associated tumors are a common subtype of 
HCCs. In an analysis of 52 HCC tumors from patients 
infected with hepatitis C virus, Varnholt ef a/.'^^' found 29 
differentially expressed miRNAs compared to normal 
liver, but minimal overlap was found between this study 
and others. A similar study compared miRNA expression 
profiles of HCC tissues from hepatitis B patients and 
hepatitis C patients. Two types of differentially expressed 
miRNAs were identified as either associated with the 
type of hepatitis (n = 19) or disease stage (n = 31). 

Approximately 80% of HCCs develop in cirrhotic 
liver'"^'. In a study focusing on cirrhotic HCC and cirrhotic 
non-HCC tissues, Gramantieri ef al.^^^ found 35 
differentially expressed miRNAs including members of 
the /ef-7 family, miR-221 and miR-145, which had 
previously been shown to be dysregulated in other 
cancers. A more recent study found similar results, 
establishing a signature of 40 miRNAs that could 
accurately distinguish HCC from adjacent cirrhotic 
tissues'^'. 

Hepatocellular stem cells (HSCs) give rise to the 



Table 3. MicroRNA profiling studies in hepatocellular carcinoma 


Reference 


Study specifications 


Up-regulated miRNAs 


Down-regulated miRNAs 


Murakami 
2006 "^'^i 


Wlicroarray testing for 180 mature 
and 206 precursor miRNAs in 24 
HCC tissues and 22 adjacent non- 
tumor tissues, 9 CH samples 


pre-miR-18, miR-18, miR-224 


miR-125a, miR-195a, miR-199a, miR- 
199a*, miR-200a 


Budhu 2008t»i 


Wlicroarray testing for unspecified 
number of miRNAs in 29 metastatic 
HCC tissues and 102 non-metastatic 
HCC tissues 


miR-185, miR207, miR-219-1, 
miR-338 


let-7g, miR-1-2, miR-9-2, miR-15a, miR- 
19a, miR-30a, miR-30c-1,miR-30e, miR- 
34a, miR-122a, miR-124a-2, miR-125b-2, 
miR-126, miR-148a, miR-148b, miR-194 


Wang 20081=" 


RT-PCR assay testing for 157 
miRNAs in 19 HCC tissues and 
adjacent benign tissues 


miR-9, miR-9*, miR-21, miR-25, 
miR-137, miR-151, miR-155, 
miR-182, miR-182*, miR-183, 
miR-186, miR-216, miR-221, 
miR-222, miR-224, miR-301, 


miR-139, miR-145, miR-21 4 


Huang 2007^'" 


Microarray testing for 331 miRNAs in 
10 HCC tissues and adjacent benign 
tissues from patients without viral 
hepatitis 


miR-324-5p, miR-374 
iet-7a, iet-7b, iet-7c, iet-7d, iet-7e, 
iet-7g, iet-7i, miR-21, miR-22, 
miR-98, miR-126, miR-126-3p, 
miR-195, miR-352 


miR-235 


Results of studies attempting to determine the miRNA expression signature of hepatocellular carcinoma. HCC, hepatocellular 
carcinoma; CH, chronic hepatitis. 
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proliferative and self-renewal potential of liver tumors. In 
a global miRNA microarray comparing human HSCs, all 
members of the let-7 and miR-181 families were 
expressed >4.0 folds in HSCs compared to HepG2 HCC 
cells and normal liver stem cells. Another study by Ji ef 
al. identified a 20-miRNA signature differentiating 
HSC-like HCC from mature hepatocyte-like HCC 
(MH-HCC). 

Oncogenic miRNAs in HCC 

Several miRNAs that may serve as oncogenes have 
been found to be overexpressed in HCC tissues and cell 
lines (Table 4). One of the most commonly identified 
up-regulated miRNAs in HCC is which may 

promote oncogenesis by repressing expression of the 
tumor suppressor phosphate and tensin homolog 
(PTEN)'^^^. PTEN has been shown to be a significant 
contributor to HCC pathogenesis, and suppression of 
PTEN in murine hepatocytes led to HCC development™. 
Inhibition of miR-21 in HCC cells increased PTEN 
expression and decreased tumor proliferation, migration, 
and invasion, suggesting that up-regulation of miR-21 in 
HCC can contribute to HCC pathogenesis by 
suppressing PTEN and PTEN-dependent pathways. 

miR-221 and miR-222, neighbors in human 
genomes, share a high degree of homology and are 
commonly overexpressed in HCC i™'^™. miR-221 and 
miR-222 have been shown to stimulate tumor growth by 
inhibiting expression of p27Kip1 , a cell cycle inhibitor and 
tumor suppressor™. Other proven targets of miR-221 are 
the cyclin-dependent kinase inhibitor (CDKN1C/p57) and 
DNA damage-inducible transcript 4 (DDIT4), a modulator 
of the mammalian target of rapamycin (mTOR) 
pathway Wong ef al. also showed that miR-222 



may further promote oncogenesis by enhancing Akt 
signaling, possibly through the protein phosphatase 2, 
regulatory subunit B, alpha (PPP2R2A). PPP2R2A 
regulates protein phosphatase 2 a PPP2A, a key 
serine/threonine phosphatase that controls Akt 
signaling''^'. 

The miRNA-17-92 cluster comprises 7 miRNAs, 
miR-17-5p, miR-17-3p, miR-18, miR-19a. miR-19b, 
miR-20a, and miR-92^^\ many of which have been found 
to be commonly overexpressed in HCC'^"'. This cluster 
may have several key molecular targets including p21 , 
which regulates proliferation; Bim and PTEN, regulators 
of apoptosis; connective tissue growth factor (CTGF) 
and thrombospondin 1 (Tsp1), regulators of 
angiogenesis; and E2F1/2/3, transcription activators that 
stimulate cell cycle progression Taken as a whole, 
these data suggest that miR-17-92 promotes 
oncogenesis in HCC through the modulation of several 
key pathways related to growth and survival. 

HCC occurs more frequently in men than in women, 
and this pattern may be partly attributable to the 
protective function of estrogen in women'''*'. Interestingly, 
the differential expression levels of certain oncogenic 
miRNAs between men and women may help explain this 
gender disparity. Liu et al. found that miR-18a, an 
miRNA within the miR-17-92 cluster, is significantly 
up-regulated in male HCC tissues compared to female 
tissues. Moreover, they found that increased miR-18a 
levels in women correlated with decreased expression of 
ESR1 gene, which encodes estrogen receptor a (ERa) 
protein, and that miR-18a directly targets ERa by 
binding to ERa mRNA at its 3' untranslated region 
(UTR). These data suggest that increased levels of 
miR-18a in men may subsequently decrease levels of 
ERa , thus blocking the documented protective effect of 



Table 4. Dysregulated miRNAs, their functions, and possible molecular targets in hepatocellular carcinoma 


IVlicroRI\IA(s) 


Role 


Molecular target(s) 


Biological function(s) 


Reference(s) 


let-7 family 


Tumor suppressor 


RAS, HMGA2, Collagen type Inhibit growth, migration, and 
1 alpha2 proliferation 


Johnson 2007i^^i, Lee 
2007 ["=1, Ji 2010i'''^i 


miR-17-92 cluster 


Oncogene 


Bin, PTEN, CTGF, Tsp1 , 
E2F1/2/3 


Increase growth, proliferation, and 
angiogenesis; decrease apoptosis 


Olive 2010"'' 


miR-18a 


Oncogene 


Estrogen Receptor a 


Increase proliferation; block 
protective effect of estrogen 


Liu 20091"^! 


miR-21 


Oncogene 


PTEIM 


Increase proliferation, migration, and 
invasion 


Buscaglia 2011 


miR-122 


Tumor suppressor 


Cyclin G1, Bcl-w 


Increase apoptosis; inhibit growth 


Gramantieri 2007['='i, Lin 
20081"" 


miR-199a/a* 


Tumor suppressor 


MET, ERK2, mTOR, CD44 


Inhibit proliferation, migration, and 
invasion 


Kim 20081''!, Henry 
201 Oi""!, Fomari 2008t='i 


miR-221/222 


Oncogene 


p27Kip1, CDKI\l1C/p57, 
DDIT4/mT0R, PPP2R2A/Akt 


Increase growth and proliferation 


le Sage 2007[™i, Fomari 
2008'"'' 
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estrogen and stimulating HCC pathiogenesis. 
Tumor suppressor miRNAs in HCC 

Members of thie let-7 miRNA family were found to 
be among thie commonly down-regulated miRNAs in 
HCC (Table 4) This miRNA family is known to 

regulate RAS, so decreased expression of let-7 may 
simultaneously increase expression of RAS, suggesting 
a mechanism by which decreased levels of tumor 
suppressor /ef-7 miRNAs promote hepatocarcinogenesis. 
Additional targets of /ef-7 have been proposed, including 
the high-mobility group AT-hook 2 HMGA2 oncogene 
and collagen type I alpha 2, indicating that let-7 may act 
as a tumor suppressor by suppressing multiple oncogenic 
signaling pathways and metastatic factors''^^'^'^'^'. 

miR-122 accounts for -70% of the entire miRNA 
population in adult liver™ and is commonly identified as 
another down-regulated tumor suppressor in HCC'*'^''''™1 
Several studies have identified different molecular targets 
of miR-122, including cyclin Gli"^' and the anti-apoptotic 
gene Bcl-\/\P^\ 

miR-199a/a* has emerged as another possible 
tumor suppressor in HCC '^'^i. Several target genes of 
mlR-199a/a* have been proposed. One of these is the 
MET oncogene and its downstream effector extracellular 
regulated kinase-2 (ERK2), which promote proliferation, 
motility, and invasiveness ™. Other possible targets 
include mTOR protein and CD44[^''ii. 



Therapeutic Strategies Targeting miRNA 

Because PDAC and HCC have a poor prognoses 
that have not improved significantly for decades, new 
diagnostic methods and therapeutic modalities are 
desperately needed. Relevant targetable miRNAs may 
either be up-regulated oncogenes or down-regulated 
tumor suppressors. In the case of the former, direct 
targeting of oncogenic miRNAs using anti-mlRNA 
molecules, such as anti-mlRNA oligonucleotides, 
antago-mlRNAs, DNAzymes, ribozymes, and antisense 
molecules, may down-regulate or silence the miRNA and 
its oncogenic effects. Conversely, in the case of 
down-regulated tumor suppressor miRNAs, miRNA 
replacement therapies such as miRNA mimics may be 
used to restore the tumor suppressor functions of the 
original down-regulated miRNAs'"^'. 

For example, in a study attempting to increase 
levels of tumor suppressor miR-26a in a mouse liver 
cancer model, administration of a single miR-26a- 
expressing adenovirus increased miR-26a expression 
and led to significant inhibition of proliferation, induction 
of tumor-specific apoptosis, and protection from disease'^'. 
In an attempt to decrease levels of oncogenic miRNAs, 



Pineau ef a/.™ recently observed that the introduction of 
2 antagomlRs to reduce levels of miR-221 and miR-222 
in liver cancer cell lines led to decreased cell growth. 
These data suggest that the introduction or knockdown 
of a single tumor suppressor or oncogenic miRNA, 
respectively, can have a significant impact on a disease 
such as HCC. 

Another area of interest involving miRNAs is their 
use in diagnosis and characterization of tumors. 
Differential tumor classification by mlRNA-based profiling 
has been shown to be more accurate than mRNA-based 
profiling in characterizing human cancers and their 
developmental history, and it is also an accurate 
predictor of a patient's overall prognosis!**', jhis suggests 
that, from a clinical standpoint, miRNA profiling may 
serve as an effective diagnostic and prognostic tool. 

miRNA delivery metliods 

Although miRNAs are emerging as viable cancer 
therapeutics, their efficacy remains largely dependent on 
the development of effective delivery strategies. In recent 
studies demonstrating mlRNA-induced inhibition of tumor 
growth in mouse models, delivery of endogenous 
miRNAs was performed by either direct intratumoral 
injection or viral vectors. These methods are useful in 
mouse models but may not be applicable in humans. 
Non-viral strategies may provide a viable alternative to 
these current techniques to deliver tumor suppressor 
miRNAs or antisense miRNA antagomlRNAs'*'^'. Several 
non-viral delivery methods have been developed, 
including lipid encapsulation, complex formation via a 
variety of liposomes or cationic polymers, liposomal 
nanoparticles, and chemical conjugation of miRNAs to 
peptides, aptamers, or antibodies'*'^'^'. An miRNA sponge 
may provide a novel method of silencing specific 
miRNAs. These miRNA sponges can be expressed in 
cells and contain multiple binding sites to a specific 
miRNA and thereby may have significant potential to 
achieve long-lasting inhibition of miRNAs'*^'. 

mlRNA-based therapies have effectively suppressed 
tumorigenesis in vitro and in animal models, but many 
obstacles remain until these strategies can be used in a 
clinical setting'^'^. To distribute mlRNA-based therapies to 
their proper locations within the body, both local and 
systemic delivery strategies need to be developed and 
optimized. Additionally, a key question of interest is 
whether to manipulate a few specific oncogenes or to 
manipulate a single specific miRNA, which may in turn 
change the levels of many different genes with diverse 
cellular functions. Experiments comparing these two 
strategies will help clinicians and researchers determine 
which targets are more appropriate for mlRNA-based 
therapy™. Another obstacle of miRNA research is the 
uncertainty of the target gene identification. The 
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predicted targets of a miRNA need to be validated and 
confirmed thirougli biocliemical and functional assays. 

Our prospective outlool< for miRNAs as potential 
tfierapeutic and diagnostic targets is cautiously 
optimistic. Despite thie previously mentioned obstacles, 
miRNAs possess broad oncogenic and tumor 
suppressive activities in PDAC and HCC and may 
represent an opportunity for targeted therapies to mimic 
or inhibit miRNAs that contribute to tumorigenesis. 
miRNAs can also be used as a diagnostic tool, and the 
prognostic potential of miRNAs has also been shown to 
be more effective than mRNA-based prognosis. Overall, 
the development of miRNA-based therapeutic, 
prognostic, and diagnostic strategies may generate 
improved clinical practices for the management of PDAC 
and HCC. 



Conclusions 

Increasing evidence suggests that miRNAs play a 
key role in carcinogenesis. As the mRNA targets of 
specific miRNAs are discovered, the miRNA expression 
profiles of individual tumors are clarified, and new 
therapeutic strategies are developed and improved, it is 
likely that miRNAs will play an increasingly important role 
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